are time-consuming and effective only for a few specific strains of S. epidermidis (Monk et al., 2012; Winstel 92 et al., 2016) or able to make insertions only at specific genomic sites (Brophy et al., 2018) . Here, we 93 introduce a new method to genetically engineer S. epidermidis that is efficient and works in the vast 94 majority of primary human S. epidermidis isolates. Driven by the observation that specific host pattern 95 recognition receptor (PRR) mutants altered or abolished components of the adaptive immune response to 96 S. epidermidis, we used this method to remove or alter components of the S. epidermidis cell wall, which 97 is a rich source of candidate PRR ligands. 98
Under conditions of physiologic colonization, we found that S. epidermidis cell envelope mutants 99 elicit marked changes in the composition and function of the T cell population in the skin. Modifications to 100 the lipid versus carbohydrate moieties of surface structures yield distinct and unexpected shifts in the T 101 cell response due to sensing of microbial components by C-type lectin receptors and Toll-like receptors. 102
Our data reveal two unexpected findings. First, S. epidermidis cell wall ligands are sensed combinatorially 103 by host receptors, creating the potential for much greater specificity and control of immune output toward 104 commensal strains than previously appreciated. Second, while mutants in the S. epidermidis envelope 105 elicit marked differences in the T cell number and quality during colonization, they do not alter the intensity 106 of the T cell response to S. epidermidis intradermally, while impacting defined innate cell responses. These 107 data indicate that the molecular components of the S. epidermidis envelope are 'commensalism factors' 108 that guide the homeostatic immune response during colonization but not the anti-infection immune 109 response in the context of invasion and breach of the skin barrier. These findings establish a molecular 110 mechanism for homeostatic immune induction by S. epidermidis, and they open the door to exogenous 111 control of the host pathways governing immune modulation by skin commensals. 112 113 A method for genetically modifying primary S. epidermidis isolates 114
Targeted genetic modification of S. epidermidis has been challenging for two reasons. First, S. 115 epidermidis has multiple stringent restriction systems that differ substantially among strains (Lee et al., 116 2016; Monk et al., 2012 Monk et al., , 2015 . Among human commensal skin bacteria, S. epidermidis has a relatively 117 large pan-genome with a high degree of genetic variation among individuals (20% variability compared to 118 5% for Cutibacterium acnes) (Oh et al., 2016) . As a result, genetic methods developed for Staphylococcus 119 aureus that rely on bypassing strain-specific restriction-modification systems (Monk et al., 2015) are 120 difficult to apply to S. epidermidis. Second, like many other Gram-positive bacteria, S. epidermidis can only 121 be electroporated inefficiently due to a thick cell wall (Moran et al., 2018) . Published methods demonstrate 122 a transformation efficiency in S. epidermidis strain RP62a of approximately 20 cfu/µg of plasmid DNA 123 compared to 10 3 cfu/µg for S. aureus (Monk et al., 2012) and 10 9 cfu/µg for E. coli using a standard protocol 124 (Inoue et al., 1990) . 125 the methylase-deficient (Ddcm) E. coli strain DC10B (Monk et al., 2012) and includes additional measures 136 that increase electroporation efficiency and decrease restriction-modification efficiency. Critical elements 137 of our method include cultivating S. epidermidis in hyperosmolar sorbitol, washing thoroughly in high 138 volume 10% glycerol, a heat shock before or after electroporation, and a prolonged recovery period prior 139 to plating (Figure 1A) . Our approach does not restrict the efficiency of cloning to phage type and does not 140 require specialized knowledge of strain-specific restriction systems. Using this method, we were able to 141 construct mutations in most of the S. epidermidis strains we tested, include >10 primary human isolates 142 from diverse phylogenetic groups (Figure 1B-C) . Our genetic method provides a powerful new tool to probe the mechanisms by which S. epidermidis 147 interacts with host immune cells during colonization. In order to inform a candidate gene approach for 148 immune modulatory microbial ligands, we first set out to identify the host receptors required for an adaptive 149 immune response to S. epidermidis, using a previously established system in which S. epidermidis is 150 applied topically and immune cells are isolated and phenotyped (Figure 2A ) (Naik et al., 2012) . 151
When topically associated onto wild-type specific pathogen free (SPF) mice without any barrier 152 breach or inflammation, S. epidermidis strain LM087 promote the accumulation of IFN-g and IL-17A-153 producing CD8 + (Tc1, Tc17) and CD4 + T cells (Th1,Th17), as previously described (Figure 2B ) (Harrison 154 et al., 2019; Linehan et al., 2018; Naik et al., 2012 Naik et al., , 2015 . This homeostatic immune response protects 155 against infection by diverse pathogens, including Leishmania major and Candida albicans (Naik et al., 156 2012 (Naik et al., 156 , 2015 , and promotes tissue repair after injury (Linehan et al., 2018) . However, the S. epidermidis 157 ligands and host receptors responsible for triggering this response and differentially promoting distinct 158 classes of T cells remain unknown. Therefore, we set out to test the contribution from different classes of 159 pattern recognition receptors. 160
In a complete Toll-like receptor deficient mouse (Tlr-/-) (Sivick et al., 2014) , S. epidermidis 161 colonization was impaired in its ability to induce CD8 + T cells but was still able to stimulate CD4 + T cells 162 (Figure 2B, S1A) . To determine which specific Toll-like receptors (TLRs) may be involved, we screened a 163 panel of individual mouse TLR knockouts (Figure 2C -E, S1B-E). As expected, deletion of tlr4 and tlr9 did 164 not decrease the skin T cell response, since their cognate ligands (lipopolysaccharide and viral RNA, 165 respectively) are not present in S. epidermidis. In contrast, deletion of Tlr2, Tlr3, or Tlr7 resulted in a 166 reduction of the characteristic CD8 + T cell response, while the CD4 + T cell response remained unchanged 167 ( Figure 2C -E, S1B-E). On the other hand, deletion of Tlr5 reduced the CD4 + T cell response specifically 168 ( Figure 2C , S1-D). Interestingly, in the Tlr3-/-and Tlr7-/-mice, IFNg-producing CD8 + T cells were 169 dominantly affected, whereas in the Tlr2-/-mice, although CD8 + T cell responses were decreased, the 170 ability of these cells to produce IFNg-or IL-17A-producing was unaffected ( Figure 2D -E, S1C-E). These 171 results suggest that specific TLRs do not just broadly sense S. epidermidis under conditions of 172 colonization; distinct TLRs specifically control CD8 + versus CD4 + T cell responses and also differentially 173 tune the cytokine polarization and function of T cells in the skin. 174
We next considered C-type lectin receptors (CLRs), a family of >100 glycan receptors thought to 175 sense diverse fungal and bacterial molecules, including fungal b-glucan (del Fresno et al., 2018), 176
Mycobacterium tuberculosis trehalose dimycolate (Ishikawa et al., 2009) , and Helicobacter pylori 177 lipopolysaccharide (Devi et al., 2015) . Given that the Staphylococcus cell surface is rich in glycans and 178 glycolipids, we set out to test whether CLRs are involved in the immune response to S. epidermidis. We 179 found that deletion of Clec7a (Dectin-1) decreased CD8 + T cell stimulation without affecting CD4 + T cell 180 stimulation, similarly to deletion of Tlr2 (Figure 3A-B) . Deletion of Clec7a also did not change the balance 181 of IFN-g and IL-17A secretion by T cells, similarly to deletion of Tlr2 (Figure 3B) . In mice lacking both 182 TLR2 and Dectin-1, the CD8 + T cell response was significantly decreased but the CD4 + T cell response 183 remains unaffected, similarly to the single knockouts ( Figure 3C) . Therefore, either distinct pattern 184 recognition receptors are important for the CD4 + T cell response, or that CD4 + T cell stimulation relies on 185 more redundant sensing of microbial ligands. In both Clec7a-/-and Tlr2-/-mice, we also observed a 186 compensatory increase in gd-T cell stimulation by S. epidermidis (Figure S2A-B) . Blocking this gd-T cell 187 response did not alter the effect of TLR2 or CLEC7A on CD8 + T cell stimulation, suggesting that the ab-T 188 cell response to colonizing S. epidermidis is independent from the gd-T cell response (Figure S2C-D) . 189
Instead, the gd-T cell response may be a secondary effect when the ab-T cell response is unable to be 190 stimulated. 191 192
Sensing of S. epidermidis by epithelial and hematopoietic cells within the skin 193
During bacterial colonization of the skin surface, immune sensing can be mediated by epithelial 194 cells, such as keratinocytes or neurons, or by traditional antigen-presenting cells, such as dendritic cells 195 (Kashem et al., 2015; Lai et al., 2009; Naik et al., 2015) . To determine whether the expression of CLEC7A 196 on the epithelial or the hematopoietic compartment in the skin is responsible for driving CD8 + T cell 197 stimulation by S. epidermidis, we generated bone-marrow chimeras in wild-type or Clec7a-/-knockout mice 198 ( Figure 3D) . Surprisingly, replacing the myeloid compartment in wild-type with donor Clec7a-/-cells did 199 not alter either the CD8 + or CD4 + T cell response to S. epidermidis colonization (Figure 3D, S2E) . In 
S. epidermidis cell envelope mutants induce distinct changes to adaptive immune response 209
In light of our observation that host TLR2 and CLEC7A signaling are required for the CD8 + T cell 210 response to colonizing S. epidermidis, we hypothesized that the relevant microbial ligands for the induction 211 of these cells would be lipids, glycolipids, or glycans, which are found in abundance on bacterial cell 212 surfaces (Blanc et al., 2013; Brown et al., 2013) . Using the genetic method described above (Figure 1A) , 213
we created a panel of mutants of the primary human isolate S. epidermidis LM087 with defined alterations 214 in cell surface structures. Based on homology to well-described genes in S. aureus (Table S1), we made 215 deletions in S. epidermidis that selectively removed wall teichoic acid (DtagO), the D-alanine modification 216 on wall and lipoteichoic acid (DdltA), lipoproteins (Dlgt), and cell-wall associated proteins (DsrtA) ( Figure  217 4A, S3A-B). We observed that all mutants were capable of colonizing mouse skin at the time of immune 218 phenotyping ( Figure 4B) . Although we observed, minor variability in the level of colonization between the 219 various mutants, there was no significant correlation between CFU count and CD8 + or CD4 + T cell 220 responses ( Figure S4D) . observations. First, S. epidermidis LM087 is capable of stimulating CD8 + T cells, whereas S. aureus 227 NCTC8325 is not (Naik et al., 2015) . This raises the possibility that a molecular difference in the cell 228 envelopes of these two strains could contribute to their differential capacity to stimulate immune signaling. (Table S1 ). 233
We hypothesized that some of these GlcNAc moieties may block immune recognition of S. aureus 234 wall teichoic acid. To explore this possibility, we engineered S. epidermidis to express TarS and TarM on 235 a medium-copy plasmid; mice colonized with this mutant exhibit decreased CD8 + and unchanged CD4 + T 236 cell stimulation ( Figure 4E) . The effect is less profound than complete deletion of WTA (DtagO) or D-237 alanine modification of teichoic acids (DdltA), perhaps due to incomplete or inefficient glycosylation of S. Figure 4E) . Together, these data suggest that sensing glycan moieties on the S. epidermidis surface 241 modulates CD8 + T cell stimulation, with a disproportionate effect on IFN-g production. 242
These data also support the idea that S. aureus may have evolved to mask its teichoic acids to 243 avoid these commensal T cell responses, thus leading to increased escape from immune surveillance and 244 increased virulence as well as a loss of the beneficial host homeostatic response. A recent report shows 245 that methicillin-resistant Staphylococcus aureus strains often contain an alternative wall teichoic acid 246 glycosyltransferase, TarP, encoded in prophages that elicit much lower levels of immunoglobulin G and 247 lead to pathogen evasion of humoral immunity (Gerlach et al., 2018) . Here, we show an effect of differential 248 teichoic acid glycosylation on cellular immunity. While pathogens like S. aureus have altered their immune 249 epitopes to escape immune detection, commensal microbes like S. epidermidis may have differentially 250 evolved the same structures to be able to colonize effectively and provoke a measured and specific 251 immune response that benefits host epithelial health and immune barrier function. 
S. epidermidis mutants yield divergent outcomes in colonization versus intradermal injection 259
In light of our finding that S. epidermidis teichoic acids and lipoproteins are critical to immune 260 signaling during colonization, we next asked whether these molecules are required in a different context: 261 the immune response to S. epidermidis during skin invasion. To our surprise, when S. epidermidis mutants 262 deficient in wall teichoic acids, teichoic acid D-alanylation, and lipoprotein biogenesis were injected 263 intradermally into the ear, we found that all mutants could robustly induce CD8 + or CD4 + T cell responses 264 to similar levels as wild-type S. epidermidis (Figure 5B, S5) , in contrast to the case of topical association. 265
However, there were significant alterations in the stimulation of innate immune populations (Figure 5D) . 266
On the other hand, while the absolute number of T cells was unchanged, the quality of type 1 responses 267 by both CD4 + and CD8 + T cells were significantly decreased with DtagO and DdltA but not with Dlgt ( Figure  268 The genetic method we introduce here opens the door to discovering the S. epidermidis molecules 290 that govern its interactions with the host. Electroporation is a versatile method of introducing foreign DNA 291 into bacteria; the factors that enabled us to apply it to S. epidermidis include outgrowth in media containing 292 hyperosmolar sorbitol, harvesting cells in a narrow window during late exponential phase, stringent 293 washing with a large volume of 10% glycerol to remove salts, adding a heat shock before or after 294 electroporation (Dorella et al., 2006; Löfblom et al., 2007) , and use of a methylase-deficient E. coli strain 295 to produce the donor DNA (Monk et al., 2012) . With modest efforts to optimize heat shock time and 296 temperature, these techniques can very likely be generalized to other Gram-positive bacteria that are 297 currently genetically intractable. Notably, these techniques could make it easier to study primary 298 commensal isolates, which have different features than more commonly studied model organisms. 299
Another strength of our approach is that our experiments involve colonizing native mouse skin with 300 live bacteria, so our immune readout integrates the in situ epithelial and immune signals in their native organization of skin immune system. Thus, not only are the microbial molecules that drive immune 314 responses distinct between commensal and pathogenic host contexts, but their interpretation by the 315 immune system and how innate immune signals are transduced to adaptive immune signals are also 316 distinct. The divergence in immune response to the same set of S. epidermidis mutants in different contexts 317 of microbial sensing also underscores the difficulty in drawing direct comparisons between in vitro results 318 co-culturing bacteria with immune cells to in vivo responses. Importantly, our data show that the complex 319 glycans and lipoglycans in the cell wall of S. epidermidis may have evolved to serve as "commensalism 320 factors" rather than virulence factors. 321
Similarly, we show that TLRs and CLRs, host receptors described predominantly as sensors of Our data demonstrate that commensalism and pathogenesis are sensed by a common molecular 362 language, but the host context in which the signal is received governs the inflammatory outcome. Taken 363 together, our work opens the door to a broader and more mechanistic exploration of S. epidermidis-host 364 interactions with a wide variety of primary human S. epidermidis isolates. This more mechanistic 365 understanding can in turn provide novel therapeutic targets and methods for modulating immune activation 366 in inflammatory skin diseases. method A, cells and plasmid in 10% glycerol were heat-shocked at 56 o C for 2 minutes, then immediately 411 transferred to a 0.1 cm cuvette, electroporated, and transferred to 3 ml of room temperature BHIS. For 412 method B, cells and plasmid in 10% glycerol were pre-warmed at room temperature for 5 minutes, 413 electroporated in a 0.1 cm cuvette, diluted into 1 ml of BHIS prewarmed to 56 o C to heat-shock for 2 414 minutes, and then diluted with 3 ml of room temperature BHIS. For both methods, the electroporation 415 program was 2.5 kV, 1 pulse, with a typical time constant of 2.3-2.5 msec using a Bio-Rad Micropulser. 416
Following heat shock and electroporation, cells in BHIS were recovered at 37 o C for 1.5-2 hours if 417 using a replicative plasmid (pLI50, a gift from Chia Lee, Addgene plasmid #13573) and at 28 o C for 4 hours 418 if using a temperature-sensitive plasmid (pIMAY, gift from Tim Foster, Addgene plasmid # 68939) (Lee et 419 al., 1991; Monk et al., 2012) . After recovery, cells were spun down at 3500 x g for 10 minutes and plated 420 onto BHIS plates with chloramphenicol (10 µg/ml). For allelic replacement, transformation plates were 421 grown at 28 o C for 2-3 days. At this time, single colonies were grown in BHI/chloramphenicol at 37 o C 422 overnight, and serial dilutions were plated onto BHI/chloramphenicol at 37 o C overnight to cure the plasmid. 423
Single colonies were then restruck onto BHI/chloramphenicol and plates were grown overnight at 37 o C. 424
Colony PCR was done to determine the absence of plasmids. Colonies that successfully lost the plasmid 425 (now integrated into the genome) were grown in BHI without antibiotics at 28 deg for 6-12 hours, and then 426 plated onto BHI/anhydrotetracycline (1 µg/ml) for 2 days to select for double crossover events. Colonies 427 were patched onto BHI/anhydrotetracycline and BHI/chloramphenicol, grown at 37 degrees overnight, and 428 then resultant anhydrotetracycline-resistant but chloramphenicol-sensitive colonies were screened for the 429 appropriate knockout or allelic replacement by colony PCR using flanking primers. 430 431
Topical association and intradermal infection of mice with Staphylococcus epidermidis 432
Staphylococcus epidermidis strains (NIHLM087 and mutants made in this background) were 433 cultured for 18 hours in tryptic soy broth at 37°C, not shaking. For topical association of bacteria, each 434 mouse was associated by placing 5 ml of the bacterial suspension, approximately 10 9 CFU/ml, across the 435 ear skin surface using a sterile cotton swab. Application of bacterial suspension was repeated every other 436 day for a total of four times. In experiments involving topical application of various bacterial species or 437 strains, 18-hour cultures were normalized using OD600 to achieve similar bacterial density (approximately 438 10 9 colony-forming units/ml (CFU/ml). For some experiments, mice were injected intradermally on day 1 439 in the ear pinnae with 10 7 CFU of S. epidermidis strain NIHLM087 and mutants made in this background. 440
For intradermal injections, immune cell phenotype was assayed at day 5. 441 442
Bacteria quantitation 443
The ear pinnae of topically associated or unassociated control mice were swabbed with a sterile 444 cotton swab previously soaked in tryptic soy broth. Swabs were streaked on Columbia blood agar plates. 445
Plates were then placed at 37°C under aerobic conditions for 18 hours. Colony-forming units (CFU) on 446 each plate were enumerated and the number of CFU was reported per cm 2 of skin. 447 448
Tissue processing and immune phenotypic analysis 449
Cells from the ear pinnae were isolated as previously described (Naik et al., 2012) . For detection 450 of basal cytokine potential, single cell suspensions were cultured directly ex vivo in a 96-well U-bottom 451 plate in complete medium (RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 2 mM L-452 glutamine, 1 mM sodium pyruvate and nonessential amino acids, 20 mM HEPES, 100 U/ml penicillin, 100 453 µg/ml streptomycin, 50 mM b-mercaptoethanol) and stimulated with 50 ng/ml phorbol myristate acetate 454 (PMA) (Sigma-Aldrich) and 5 µg/ml ionomycin (Sigma-Aldrich) in the presence of brefeldin A (GlogiPlug, 455 BD Biosciences) for 2.5 hours at 37°C in 5% CO2. After stimulation, cells were assessed for intracellular 456 cytokine production as described below. Single cell suspensions were incubated with combinations of the 457 following fluorophore-conjugated antibodies against surface markers:, CD4 (RM4-5), CD8β (eBioH35- Data are presented as mean ± standard error of the mean (SEM) or mean ± standard deviation 488 (SD). Group sizes were determined based on the results of preliminary experiments. Mice were assigned 489 at random groups. Mouse studies were not performed in a blinded fashion. Generally, each mouse of the 490 different experimental groups is reported. Statistical significance was determined using two-tailed unpaired 491
Student's t-test under the untested assumption of normality. All statistical analysis was calculated using 492
Prism software (GraphPad). Differences were considered to be statistically significant when p<0.05. 493 494 that our method works across diverse S. epidermidis strains, including two strains that do not have genome 702 sequences available in NCBI. Black = genetically manipulable. Grey = not genetically manipulable with our 703 method. stain of lipoteichoic acid, extracted as previously described (Gründling and Schneewind, 2007) . The last 808 lane shows 500 ng of commercially available S. aureus lipoteichoic acid (Sigma). (C) Frequencies of skin 809 IL-17A + or IFN-g + CD4 + T cells in wild-type mice that were unassociated (Control) or associated with live 810 wild-type or mutant S. epidermidis. Flow plots are gated live CD45.2 + CD90.2 + TCRb + CD4 + Foxp3cells 811 and the numbers in flow cytometry plots correspond to the frequencies of gated populations ± SD. These 812 are additional data from the same experiment shown in Figure 4C . (D) S. epidermidis colonization does 813 not correlate significantly to CD8 + or CD4 + T cell stimulation. Each dot represents data from one mouse, 814
showing the T cell response on the Y-axis and the number of S. epidermidis CFU/cm 2 recovered by plating 815 from mouse skin swabs at the time of immune phenotyping on the X-axis. (E) Absolute numbers of total 816 CD8 + and CD4 + effector T cells and frequencies of IFN-g-, or IL-17A-producing CD8 + or CD4 + effector T 817 cells in wild-type mice that were unassociated (Control) or associated with live wild-type or mutant S. 818 epidermidis. Each dot represents data from one mouse. NS = not significant, * = p<0.05, ** = p<0.01 and 819 *** = p<0.001 in an unpaired, two-tailed t-test. Asterisks directly above each set of data points denotes 820 comparison to the unassociated mice (Control, white circles). Data shown are representative of 3 821 independent experiments. These are the data used to generate Figure 4D . Figure 5C . 826 827
Fig. S5. Cytokine production by T cells in response to intradermal injection of wild-type or mutant 829
S. epidermidis. Frequencies of IFN-g + or IFN-g + TNF-a + CD8 + and CD4 + effector T cells 1 week after 830 intradermal injection of wild-type or mutant S. epidermidis. Each dot represents data from one mouse. NS 831 = not significant, * = p<0.05, ** = p<0.01, *** = p<0.001 and *** = p<0.0001 in an unpaired, two-tailed t-832 test. Asterisks directly above each set of data points denotes comparison to the unassociated mice 833 (Control, white circles). These are additional data from the same experiment as Figure 5 . 834 835
